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Abstract
Coulomb interactions play an essential role in atomically-thin materials. On one hand, they are
strong and long-ranged in layered systems due to the lack of environmental screening. On the
other hand, they can be efficiently tuned by means of surrounding dielectric materials. Thus all
physical properties which decisively depend on the exact structure of the electronic interactions
can be in principle efficiently controlled and manipulated from the outside via Coulomb
engineering. Here, we show how this concept can be used to create novel plasmonic waveguides in
metallic layered materials. We discuss how dielectrically structured environments can be utilized to
non-invasively confine plasmonic excitations in an unperturbed homogeneous metallic
two-dimensional system by modifications of its many-body interactions. We define optimal energy
ranges for this mechanism and demonstrate plasmonic confinement within several nanometers. In
contrast to conventional functionalization mechanisms, this scheme relies on a purely many-body
concept and does not involve any direct modifications to the active material itself.
1. Introduction
Plasmons are collective excitations rendered by
dynamical screened Coulomb interactions. They are
hence intimately connected to a plethora of funda-
mental many-body material properties of electronic
systems, such as their quasi-particle spectral function
[1–4], optical absorption spectra [3, 5], light–matter
interactions [6, 7], and possibly also to instabilities
such as superconductivity [8, 9], charge-density order
[10], or excitonic condensation [11]. From a tech-
nological point of view, plasmonic structures such
as antennas and waveguides have become increas-
ingly important tools to create efficient light har-
vesting and guiding devices [6, 12–19]. In this con-
text, layered materials are of particular interest due
to their enhanced low-energy plasmonic response.
In contrast to three-dimensional bulk materials, two-
dimensionally (2D) confined plasmons have a gapless
excitation spectrum with a square-root dispersion at
small momenta [20–23]. As will be discussed in detail
below, this yields extended excitation energy ranges
in which low losses are expected [24, 25], and which
can be precisely controlled from the outside by Cou-
lomb engineering, thus rendering 2D plasmonics an
exciting and technologically important field.
So far, 2D plasmonic devices have been manu-
factured either by strongly invasive processes, such
as structuring the activate material itself [26–30],
by changes to the single-particle properties of the
plasmon-hosting system [31–34], or by creating
metallic heterostructures [35]. Here, we propose a
truly non-invasive concept based on the external con-
trol of the Coulomb interactions within the active
material. Specifically, we show how 2D plasmons
in an homogeneous layered material can be spa-
tially controlled with the help of structured dielectric
environments, as depicted in figure 1. An analogous
Coulomb engineering concept has been previously
applied to atomically thin semiconductors [36–42]
as well as to homogeneously embedded Mott insu-
lators [43]. Here, we apply this concept to active
metallic systems where possibly strong internal and
external screening channels compete. Specifically, we
will consider homogeneous as well as horizontally
staggered dielectric environments. To this end, we
© 2021 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Substrate controlled plasmon patterns in
atomically thin metals. (a) Unsupported and (b)–(d)
dielectrically supported metallic layer with a typical
plasmonic charge distribution. (c), (d) Structured dielectric
substrates induce spatially patterned plasmonic excitations.
need to realistically account for horizontal and ver-
tical dielectric-interface effects, which we achieve
here with the help of extended image charge mod-
els valid for all length scales in combination within
a real-space Random Phase Approximation (RPA)
approach. Based on this, we show that plasmons
can be precisely confined at certain optimal excit-
ation energies, if the internal metallic screening is
not too strong. This allows for the non-invasive
creation of plasmonic waveguides, as illustrated in
figure 1(d), whereby the active, plasmon hosting,
monolayer remains unchanged.
2. Results and discussion
2.1. Substrate controlled 2D plasmons
In the following, we describe the plasmonic excita-
tions in layered metals using a single-orbital gener-
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where ĉ†iσ (̂ciσ) creates (annihilates) an electron of
spin σ at the square-lattice site i, niσ are the corres-
ponding occupation operators, t= 1 eV is the nearest
neighbor hopping, and U ij is the non-local Coulomb
interaction. We fix the lattice constant to a0 = 3Å, set
the Fermi energy to EF =−3 eV, and treat the model
within the RPA. To realistically describe the collective
excitations of a generic layered metal in terms of this
model we need to account for all possible screening
channels. This includes intra- and inter-band polar-
izations within the layered material itself [20–22], as
well as external polarization effects from the environ-
ment, such as substrates or capping layers. To this end,
we consider the fully screenedCoulomb interaction in








where Π(q,ω), ε(q,ω), and vq =
2πe 2
q are the total
polarization, the dielectric function, and the bare
Coulomb interaction, respectively. By splitting
Π=ΠM +ΠRes into the metallic polarization, res-
ulting from intra-band transitions within the act-
ive layered material itself described by the Hamilto-
nian above, and a residual polarization, accounting
for inter-band transitions and substrate screening,











εRes(q) is the Fourier transform of U ij
accounting for the residual screening channels. The
full dielectric function is thus given by the product
ε(q,ω) = εM(q,ω)εRes(q). We calculate εM(q,ω)
within the RPA based on the Hamilton from above
and by neglecting local-field effects, while the residual
screening can be analytically approximated from clas-
sical electrostatics, which reads for a layered material
of effective height h and intrinsic dielectric constant
εmat [21, 36, 44, 45]
εRes(q) = εmat
1− ε̃2e−2qh
1+ 2ε̃e−qh + ε̃2e−2qh
. (4)
For a dielectric encapsulation, as shown in figure 2(b),
we find ε̃= (εmat − εsub)/(εmat + εsub). This allows us







According to the implicit definition of plasmonic
excitations, ε(q,ωp(q))= 0, the EELS is maximized
along the plasmonic dispersion ωp(q). This way, we
can extract ωp(q) along a path in momentum space,
as shown in figure 2(d) along with the metallic polar-
ization functionΠM(q,ω). The model parameters are
chosen to approximately reproduce the plasmonic
energy scales of metallic transition metal dichalco-
genides [21, 22, 44] or doped hexagonal boron nitride
[46]. We observe that even in the free-standing case
(εsub = 1) the plasmonic dispersion deviates quickly
from the generic
√
q-like dispersion [20–22], known
from purely two-dimensional models. This deviation
is a consequence of the non-local residual screen-
ing εRes(q) induced by inter-band transitions within
the layered metal, which we plot in figure 2(a). For
the free-standing case, its long and short wavelength
limits are εRes(q= 0) = 1 and εRes(q≫ 1) = εmat,
respectively. Hence, in the long wavelength limit the
effective background screening is negligible [47], and
ωp(q)∝
√
q holds. For largermomenta, however, εRes
2
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Figure 2. Substrate controlled two-dimensional plasmons.
(a) Effective residual screening function εRes(q) for
different homogeneous dielectric substrates. The dashed
lines indicate the slopes of the function at q= 0. (b)
Illustration of plasmon excitation in a layered material
embedded in a homogeneous dielectric environment. (c)
Electron energy loss spectra of the two-dimensional
metallic monolayer shown in (b), with different choices of
the environmental dielectric constant. (d) Plasmon
dispersions in momentum space around Γ. The grey area
represents the electron–hole continuum.
increases successively, which suppresses ωp(q) and
eventually pushes it into the particle-hole continuum.
Importantly, the corresponding flattening of the plas-
monic dispersion takes place at momenta which are
clearly detached from the particle-hole continuum,
so that Landau damping and thus plasmonic losses
are drastically reduced in layered metals at small and
intermediate momenta [20–22, 46]. This, in turn,
leads to a prominent enhancement of the plasmonic
spectral function at intermediate frequencies, as it is
clearly visible in the EELS(ω), shown in figure 2(c)
(green shaded region).
This behavior of the plasmonic dispersion rela-
tion is a generic feature of spatially confined charge
densities and can thus be observed in a variety of
different metallic, semimetallic, and doped semin-
conducting monolayer materials including graphene
[23, 44, 47, 48], Li-intercalated hexagonal boron
nitride [46], doped black phosphorus [49, 50], metal-
lic T- [51, 52] and 2H-phase [20, 22] transition metal
dichalcognides, as well as in their doped 2H-phase
semiconducting counterparts [21]. The details of the
dispersion flattening and the corresponding energy
of the enhanced spectral weight in the full EELS of
these materials are highly material specific and vary
between a few 100meV to about 1–2 eV but share the
common origin explained above.
Upon increasing the environmental screening,
e.g. by using different substrate materials (illus-
trated in figure 2(b)), the long wavelength limit
Figure 3. Real-space charge density modulations of two
typical plasmon modes. At ω ≈ 0.77 eV and ω ≈ 1.08 eV,
plotted for three different dielectric environments.
of the effective residual screening is changed to
εRes(q= 0) = εsub. This leads to a decreased Uq and
subsequently to a reduced plasmonic dispersion with
enhanced slopes for small momenta. In the full
EELS(ω) we correspondingly find a decreased and
broadened maximum at intermediate frequencies,
whereas the remainder of the plasmonic spectrum is
largely unaffected. This intermediate frequency range
in the plasmonic spectral function is thus most sus-
ceptible to changes in the environmental screening of
the layered material.
The enhanced environmental screening sensitiv-
ity of plasmons in layered materials at intermedi-
ate excitation energies is also reflected in the corres-
ponding real-space charge density patterns, shown
in figures 3(a)–(f) at ω≈ 0.77 eV and ω≈ 1.08 eV
for the same εsub as before. Here, we observe exten-
ded modes with checkerboard-like patterns oscillat-
ing along the x and y directions. At a fixed excitation
energy, these patterns show decreasing wavelengths
upon increasing the environmental screening, in
line with the corresponding dispersions shown in
figure 2(d). Similarly, we observe that the plasmonic
wavelengths decrease with increasing excitation ener-
gies at fixed screening.
This demonstrates how spatial patterns of 2D
plasmons can be controlled by means of dielectric
substrates. In the following, we illustrate how this can
be utilized to spatially confine plasmonic excitations
by using structured dielectric environments.
2.2. 2D plasmons in heterogeneous screening
environments
Let us now consider a heterogeneous dielectric
environment with a vertical interface separating areas
with εLsub = 1 and ε
R
sub = 9, as depicted in figure 4(a).
Since this breaks the translational symmetry along
the x-direction, we are forced to switch to a real-
space representation. To this end, we utilize a super-
cell consisting of 80 × 80 unit cells (240 Å × 240
Å) and describe the background-screened Coulomb
interaction with an extended image-charge model
3
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Figure 4. Heterogeneous plasmon patterns from spatially
structured dielectric environments. (a) Sketch of the
layered metal embedded in a heterogeneous dielectric
environment. (b) Dispersion relation of the plasmon mode
in the left subspace with εLsub = 1.0 and ε
R
sub = 9 (black
dots) together with the dispersion from figure 2(c) for
εsub = 1. (c) Total EELS (black) for εLsub = 1 and ε
R
sub = 9
together with homogeneous EELS (red and blue). (d)–(g)
Typical plasmon modes at different frequencies.
This figure should be just a single column wide.
(see appendix for details). In figure 4(c) we show the
resulting heterogeneous EELS(ω) (black) as well as
the corresponding EELS(ω) for the two homogen-
eous situations (red and blue). By comparing the het-
erogeneous spectrum to the unsupported one (i.e.
εLsub = ε
R
sub = 1), we observe that the maximum at
intermediate excitation energies (green shaded) is still
present, but suppressed. For excitation energies below
0.5 eV we see that the homogeneous EELS in the
unsupported situation vanishes. This is a finite-size
effect of the supercell calculation which suppresses
all plasmons with wave-lengths larger than the super-
cell size, cf figure 2, which can also be seen for the
supported case. The heterogeneous spectral function
thus clearly inherits characteristics from both homo-
geneous limits. The origin of this becomes obvious
by examining the corresponding real-space charge
modulations. At small excitation energies, the plas-
mons are mostly localized in the εRsub region, as seen
in figure 4(d), whereas at intermediate excitation
energies they prominently reside in the εLsub area, as
observed in figures 4(e)–(g).
This illustrates how heterogeneous plasmonic
patterns can be externally and non-invasively
induced in homogeneous layered materials via spa-
tially structured substrates. The substrate induced
Figure 5. Impact of the dielectric contrast to the plasmonic
patterns. (a) Total EELS for a different dielectric contrasts.
(b)–(e) Corresponding real-space patterns for ω≈ 1.2 eV.
(f) Normalized x-component of the charge distributions of
these plasmon modes. (g) Variation of the charge weight in
the left (WL) and right (WR) subspaces.
heterogeneous plasmonic patterns behave, however,
slightly differently compared to their homogeneous
counterparts depicted in figure 3. For intermediate
excitation energies, which mostly confine the plas-
mon in the εLsub region, the resulting pattern is now
quasi-one-dimensional. Specifically, we observe that
its propagation direction aligns with the dielectric
interface in the substrate and has a linear dispersion,
as shown in figure 4(b). Additionally, there are some
spurious, strongly damped, plasmonic excitations
present in the εRsub region.
Interestingly, the fully heterogeneous EELS (black
line in figure 4(c)) can be approximately reconstruc-
ted by taking a simple average over the homogeneous
data (blue and red lines). From this we understand
that the εLsub = 1 environment barely affects the low-
energy plasmonic excitations confined in the εRsub = 9
area, which does not hold vice versa. I.e. the εRsub =
9 slightly damps the plasmonic excitations on the
εLsub = 1 side. However, except from this, these two
patterns behave largely independently on the other
side.
We proceed with a quantitative analysis of these
confined excitations by investigating their depend-
ence on the dielectric contrast εRsub/ε
L
sub in the sub-
strate. To this end, we fix εLsub = 1 and vary ε
R
sub. In
figure 5(a) we observe that increasing the contrast
affects the EELS in a non-trivial way. At small dielec-
tric contrasts, the full heterogeneous EELS resembles
a homogeneous one, with just one broad maximum
at intermediate excitation energies, which is reflec-
ted in the rather spread-out plasmonic excitation
pattern depicted in figure 5(b). Upon increasing
the substrate dielectric contrast, we find an increas-
ing localization of the plasmonic pattern on the
εLsub side, with decreasing weight on the ε
R
sub side
for ω≈ 1.2 eV, as depicted in figures 5(c)–(e). We
can furthermore quantify this increasing localiza-
tion with the help of the normalized charge distri-
bution function, ρ̃ind(x), obtained by integrating the
absolute value of the real-space charge distribution
function along the y-component (see figure 5(f)).
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Figure 6. Plasmonic waveguides from spatially structured
dielectric environments. (a) Illustration of the plasmonic
waveguide design. (b) Dependence of the EELS on the core
width d. (c)–(f) Real space charge modulations of typical
plasmon modes at ω≈ 1.0 eV.
By additionally integrating ρ̃ind(x) over the left and
right regions we can define sub-space weights WL/R,
which we show in figure 5(g). We observe that up
to nearly 80% of the charge can be confined within
the left region for the maximum dielectric contrast
considered here. As a result, the plasmonic excita-
tion in the εLsub area gets relatively brighter. How-
ever, increasing εRsub also damps the excitation in the
εLsub region. Therefore, achieving an optimal dielectric
contrast will be a trade-off between spatial contrast
and brightness of the plasmons on the active side. We
note that the εLsub-confined quasi-one-dimensional
plasmon wavelength is not affected by εRsub. For het-
erogeneous dielectric substrates only, i.e. without the
structured capping layer, the very same behavior is
expected but a larger dielectric contrast in the sub-
strate will be needed to achieve the same separation.
2.3. Novel plasmonic waveguides
The possibility to non-invasively induce spatially
patterned plasmonic excitations in a homogeneous
layered material by means of dielectric interfaces in
the dielectric environment motivates us to propose a
new class of plasmonic waveguides that utilizes two
parallel vertical dielectric interfaces in the environ-
ment, as illustrated in figure 6(a). This will confine
well-defined quasi-one-dimensional plasmons in the
central region if the substrate’s dielectric constant
there is smaller than in the outer substrate regions.
To verify this proposal, we study below a system with
εLsub = ε
R
sub = 9 and ε
C
sub = 1, andwith variable central
substrate width d.
In figure 6(a) we show the EELS for various d.
Starting from large d, we recover the previously dis-
cussed maximum at intermediate excitation energies.
Upon decreasing d, this maximum diminishes until
it vanishes below d≲ 60Å (20 unit cells). This beha-
vior becomes clear by examining the correspond-
ing real-space patterns shown in figures 6(c)–(f).
Figure 6(c) reveals that the plasmon mode is now
indeed spatially confined in the central substrate
area and propagates parallel to the substrate dielec-
tric interfaces. Thus, the maximum in EELS(ω) res-
ults from the low-dielectric substrate region, and the
correspondingly confined plasmonic excitation there.
Upon decreasing d, we observe in figures 6(d)–(f)
that the novel plasmonic waveguide behavior per-
sists, but with gradually decreasing contrast to the
εL/Rsub areas, until it nearly vanishes for the smallest
d shown in figure 6(f). Thus, the increasing envir-
onmental screening from the increasing εL/Rsub regions
gradually damps the confined excitation in the cen-
ter of the device until no spatial structure is visible
anymore. Nevertheless, a clear confinement can be
achieved for waveguides with widths down to about
30 unit cells, which is on the order of 90Å here. Like in
the case of the dielectric contrast, there is a trade-off
between the field confinement and loss in the optim-
ization of these plasmonic waveguides [19, 53]. This
is a demonstration of a novel type of plasmonic wave-
guides, based on Coulomb-engineered homogeneous
layered metallic materials.
3. Outlook and conclusions
3.1. Active material candidates
Apart from the properties of the structured dielectric
environment, our proposal also depends strongly on
the active material itself, i.e. not all 2D metals will
be equally suitable. Specifically, the Coulomb interac-
tion between the electrons in the active metallic layer
should be very sensitive to environmental screening.
This is the case if all layer-internal polarization chan-
nels (intra- and inter-band) are rather small, in other
words: materials with a small density of states at the
Fermi level (or with a small effective mass) and with
a metallic (low-energy plasmon hosting) band which
is energetically well separated from all other valence
and conduction bands. Both of these properties are
satisfied in graphene: it hosts low-loss plasmons
[28, 48, 54–56], and the Coulomb interactions have
been experimentally shown to be rather susceptible
to external polarization [35, 47, 57]. Alternatively,
slightly doped semi-conducting layered materials,
such as electron or hole doped MoS2 or WS2 [21]
or electron doped PtX2 (with X∈{S, Se, Te}) [58,
59] or InSe [60] could be suitable candidates due to
reduced intra-band polarization (small effective elec-
tron/hole masses) as well as metallic 3R-NbS2 and
1T-AlCl2 due to their low internal plasmonic losses
[44]. In contrast hole doped PtX2 or InSe as well
as conventional metallic 2H-phase TMDCs, such
as TaS2 or VS2, are likely less preferable due their
enhanced density of states (due to rather flat upmost
valence bands) [58, 59, 61] and/or due to the close
vicinity of the low-energy plasmon-hosting band
to other fully occupied/empty bands which both
increases the internal screening [44].
Additionally, layered materials with strongly
anisotropic screening properties, such as doped black
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phosphorus or T-phase WTe2, have the potential to
add another interesting degree of freedom to the pro-
posed plasmonic waveguides: due to their strongly
anisotropic plasmonic dispersions [49–52, 62] we
expect the direction in which the plasmon dispersion
is higher in energy to be more prone to the environ-
mental screening due to the reduced effective mass in
the corresponding direction. If this direction is paral-
lel to the dielectric interfaces in the substrate the plas-
monic confinement might be enhanced or achieved
with reduced dielectric contrast. Otherwise, in case
these two directions are perpendicular to each other
the dielectric contrast in the environmentmight need
to be strongly enhanced.
3.2. Structured environments
For the creation of structured environments, as
needed for the proposed waveguides, we envision lat-
erally grown and vertically cut materials, lithographic
structures, twisted layeredmaterials [63–65], or novel
fractionalized 2D system [66–68] to be possible routes
to pursue. As discussed above, the dielectric con-
trast in these structures should be rather high. Fur-
thermore, it will be interesting to create environ-
mental screening structures with more than just one
or two dielectric interfaces. One could, for example,
imagine periodically patterned substrates for optimal
light–matter coupling, two-dimensional dielectric
structures that either create plasmonic checkerboard
patterns or plasmonic quantum dots, or non-linear
plasmonic waveguides [69].
3.3. Conclusions
Our calculations suggest that it is feasible to extern-
ally functionalize a homogeneous 2D metallic layer
by means of structured dielectric environments, thus
creating new plasmonic waveguides using existing
experimental techniques and available layered mater-
ials. In contrast to previous functionalization con-
cepts, our approach only relies on a passive pre-
structured environment, to which the active layer
needs to be exposed. Depending on the spatially
modulated dielectric contrast in this environment
plasmons can be confinedwithin a 10 nm scale. At the
same time, the described optimal excitation energy
window for our proposal renders these devices highly
specific to external stimuli allowing for switching or
filtering applications. The optimization of these new
plasmonic devices will thereby be a trade-off between
the plasmonic localization and relative brightness
which is controlled by the dielectric contrast in the
heterogeneous environment.
Furthermore, we highlight that the described
induced plasmonic functionality relies on spatial
structuring of the dynamically screened Coulomb
interactionwithin thematerial. Thus, it can also affect
a variety of other many-body properties, includ-
ing many-body excitations, such as magnons, and
many-body instabilities, such as superconductivity or
magnetism. The proposed plasmonic waveguide is
therefore just one possible example of a more gen-
eral concept for Coulomb-engineering of many-body
properties in metallic layered materials with fascinat-
ing further applications.
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Appendix A. Background screening model
In vacuum the Coulomb interaction between two
point charges q1 and q2 is simply given by v(r)∝
q1q2/r, where r is the distance between them. In the
case of electrons within a realistic material the effect-
ive interaction between them ismore complicated due
to the polarizable environment [20, 21, 70]. In layered
materials, this internal ‘background’ screening can
be classically well approximated by a dielectric-slab
model. As illustrated in figure 7, the electrons are sup-
posed to be confined in the center (z= 0) plane of the
dielectric slab, which is defined by the effective height
h and the dielectric constant εm. These two para-
meters are determined from the intrinsic properties
of the 2D material and can be calculated from first-
principles [21, 36, 70]. Here we set h= 5.76 Å and
εm = 10 similar to the situation in transition men-
tal dichalcogenide monolayers [37]. εenv1 and εenv2
are the environmental dielectric constants above and
below the 2D material.
The ‘background’ screened Coulomb interaction
U(r) between two electrons in the z= 0 plane with
a separation r can then be determined using an iter-
ated image-charge ansatz [45, 71, 72]. The image
charges (empty circles) generated by the real charge
(solid circle) are shown in figure 7. In principle, there
is an infinite number of image charges along the
z-direction and their charges are determined by εm,
εenv1, εenv2 and h. The full ‘background’ screened
Coulomb interactionU(r) on the z= 0 plane is given
by the sum of all of these contributions. Here, we con-
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Figure 7. Internal screening in a 2D material along the z= 0
plane modeled by a dielectric slab of height h with dielectric
constant εm.
where βb = (εm − εb)/(εm + εb) and zn(r) =√
r2 +(nh)2. The first term in equation (A1) is the
contribution from the real (source) charge, whereas
the second term results from the image charges.
For the on-site interaction, i.e. r= 0, the above
formula diverges. To avoid this, we define the ‘on-
site’ interaction at a slightly shifted position with a
small separation δ above the source charge itself. In
the numerical calculation we set δ= 0.85 Å, which
yields the on-site Coulomb energy to be 2.56 eV for
the unsupported layer.
Appendix B. Image charge ansatz for
spatially structured substrates
As soon as we additionally introduce vertical dielec-
tric interfaces in the screening environment, the
effective Coulomb interaction for z= 0 can analytic-
ally only be approximately described. The configur-
ation with a single vertical interface is illustrated in
figure 8(a). In the following we put a real charge q
(solid circle) on the z= 0 plane at a distance of d to
the vertical interface. The aim is to approximate the
Coulomb potential on the full z= 0 plane from this
point charge.
To this end, we combine the analytically known
solutions for the homogeneous dielectric slab (two
parallel horizontal dielectric interfaces) with the
homogeneous single dielectric interface situation
depicted in figure 8(b). In the latter case the ana-
lytically correct potential can be constructed using a
single additional image charge. In detail, if we place
our source charge at (−d, 0) (black dot in figure 8(b))
we will need an additional image charge at (d, 0). For















, rq = |⃗r+ dx̂| and r1 = |⃗r− dx̂|.












Figure 8. Image charge model of a 2D material embedded




and r2 = rq. This method is dis-
cussed in many text books and we refer the interested
reader, e.g., to [71].
The Coulomb interaction on the z= 0 plane,
before introducing the vertical interface, is already
discussed in appendix A and given by equation (A1),







In this way, we can interpret U(r) as the Coulomb
interaction between an electron at r with a series of
(electron) point charges positioned at zn which are
each embedded in different homogeneous dielectric
backgrounds ε̃b,n = εm/β
|n|
b .
Now, to model the effect of the additional ver-
tical dielectric interface (between εsub1 and εsub2),
we can introduce vertical image charges for each of
these iterated horizontal image charge as described
in equation (B1) and illustrated in figure 8. The full
approximate interactions can thus be written as a





where each Un(r) is evaluated as in the simple
image charge method introduced before, however,
with adjusted parameters. Specifically we need to
replace εsub1 and εsub2 by ε̃1,n and ε̃2,n to evaluate α1,n




r1 by zn,1(r) =
√
r21 +(nh)
2 and r2 by zn,2(r) =√
r22 +(nh)

























, if r⃗x > 0.
(B5)
When two parallel vertical interfaces are intro-
duced in the dielectric background, i.e. like the plas-
monic waveguide configuration introduced in the
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main text, we use the same concept. Now, however,
we also need to introduce an infinite series of iterated
image charges in x-direction.
Appendix C. Plasmonic excitations in real
space
We aim to analyze the dielectric function
ε(ω) = 1−U Π0(ω) (C1)
in real space. To this end we use the Coulomb inter-
action models from appendices A and B and evaluate
the bare polarization Π0 of the metallic band within
the RPA. Since the the active metallic layer itself is








E(⃗k)− E(⃗k+ q⃗)+ω+ iγ
(C2)
with E(⃗k) being the non-interacting single-particle
metallic-band dispersion at k⃗, f(⃗k) the corresponding
Fermi function, and γ= 0.02 eV a finite broadening.
The real-space representation in the atomic basis can









Here, the vectors R⃗a/b are defined on the real-space
lattice. This two-step calculation greatly improves the
computational efficiency. Finally, we obtain the real-
space dielectric function as a matrix in the atomic
basis via
[ε(ω)]ab = δab −
∑
c
U(R⃗a − R⃗c)[Π0(ω)]cb. (C4)
The plasmonic excitations are identified from a spec-





by selecting the ‘leading’ dielectric eigenvalue
εmax(ω) which maximizes the EELS EELS(ω)∝
−Im [1/εn(ω)] together with its eigenvector
|ϕmax(ω)⟩ for each frequency. The real-space charge
modulation of a plasmon mode at the frequency ωp
can be obtained from
|ρind(ωp)⟩=Π0(ωp)|ϕtot⟩=Π0(ωp)|ϕmax(ωp)⟩
(C6)
[74]. Here, we interpret the ‘leading’ eigenvector
|ϕmax(ωp)⟩ as the total potential distribution at the
plasmon frequency ωp, since it solves the equation
ε(ω)|ϕtot⟩= |ϕext⟩ (C7)
when |ϕext⟩= 0, namely
ε(ωp)|ϕmax(ωp)⟩= 0 |ϕmax(ωp)⟩, (C8)
i.e. for εmax(ωp) = 0. The product Π0(ωp)|ϕmax(ωp)⟩
then represents the induced charge distribution in the
system. The full method has been reported in pre-
vious studies [66, 75, 76]. Finally, we note that by
restricting the continuous position coordinates r⃗ and
r⃗ ′ to the discretized lattice positions R⃗a and R⃗b we
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